Many metabolic engineering and genetic engineering applications in yeast rely on the use of plasmids. Despite their pervasive use and the diverse collections available, there is a fundamental lack of understanding of how commonly used DNA plasmids affect the cell's ability to grow and how the choice of plasmid components can influence plasmid load and burden. In this study, we characterized the major attributes of the 2 micron and centromeric plasmids typically used in yeast by examining the impact of choice of selection marker, promoter, origin of replication, and strain ploidy on conferred growth rates and plasmid copy number. We conclude that the 'plasmid burden', as demonstrated by a reduced growth rate, is primarily due to the choice of selection marker, especially when auxotrophic markers are utilized. The plasmid burden traditionally attributed to replication and maintenance of plasmid DNA plays only a minor role in haploid yeast yet is much more significant in diploid strains. The selection marker can also significantly change plasmid copy number. In fact, plasmid copy number can be influenced to some extent by all of the parameters tested. The information presented in this study will allow for more rational design and selection of plasmids for engineering applications.
Introduction
Saccharomyces cerevisiae is a widely utilized organism both for studying fundamental genetics (Spellman et al., 1998; Kumar & Snyder, 2001; Hu et al., 2007) and for engineering novel fuels, chemicals, and pharmaceuticals (Nevoigt, 2008; Hong & Nielsen, 2012) . These endeavors are enabled by an expanding molecular toolset that took root in the 1970s with the capacity to transform yeast (Hinnen et al., 1978) . Over the past several decades, methods and technologies have rapidly evolved as evidenced by an expanding array of molecules produced in yeast (Curran & Alper, 2012) and an increasing capacity to synthetically engineer the genome (Dymond et al., 2011) . Even still, controlling the expression of genes (either of endogenous or exogenous origin) remains a core, enabling technology in this area. As a result, a significant amount of effort has focused on enabling fundamental control of transcription and translation by developing sets of endogenous promoters (Gatignol et al., 1990; Lu & Jeffries, 2007; Blount et al., 2012; Sun et al., 2012) , nonnative inducible promoters (Gari et al., 1997) , bidirectional promoters (Li et al., 2008) , synthetic hybrid promoters (Blazeck et al., 2011 (Blazeck et al., , 2012a , and multi-cloning sites engineered for consistent expression (Crook et al., 2011) . The vast majority of these systems and studies utilize DNA plasmids and vector sets as a means of altering expression in a synthetic manner (Young & Alper, 2010; Krivoruchko et al., 2011) . However, a comprehensive and fundamental understanding of how standard DNA plasmids affect the cell's ability to grow and influence cellular metabolism is not well understood despite their obvious importance in heterologous expression systems. Specifically, it is unknown how strain ploidy, copy number, plasmid burden, selection marker, and promoter selection are intrinsically linked.
Most plasmids used in S. cerevisiae are S. cerevisiae/Escherichia coli shuttle vectors with a wide range of tunable parameters including selection markers, promoters/terminators, and origin of replication (Da Silva & Srikrishnan, 2012) . One commonly used set of vectors, the pRS line, includes URA3, TRP1, HIS3, and LEU2 auxotrophic selection markers along with 2 micron and CEN/ARS origins of replication (Sikorski & Hieter, 1989; Christianson et al., 1992) . A variant of this plasmid line also includes several promoters [GPD (TDH3), TEF1, CYC1, and ADH1 promoters] cloned upstream of a multicloning site to allow for easy expression of heterologous genes (Mumberg et al., 1995) . Beyond auxotrophic markers, several plasmid sets have been created with dominant antibiotic markers including KanMX (Wach et al., 1994) and an expanded array of other antibiotics (Goldstein & McCusker, 1999) . However, this ease of cloning and flexibility does come with a potential-associated cost. In particular, the transformation and expression of plasmids in yeast systems convey a burden on the cells as manifested by decreased growth rates and lower production of desired metabolites compared with cells without plasmids (Da Silva & Srikrishnan, 2012) . One common belief is that this burden is associated with the energy and metabolite costs associated with simply maintaining and copying the plasmid DNA in the cell -especially for high-copy plasmids. However, there is also some evidence that changing promoter strengths and selection marker (especially auxotrophic markers) can affect cell growth (C ßakar et al., 1999; G€ orgens et al., 2001) . As a result, it seems at face value that these plasmids may exert a metabolic burden on the cell. Yet, it is well known that plasmid copy number, especially among 2 micron plasmids, can change dramatically depending on the selection marker and heterologous genes expressed on the plasmid (Erhart & Hollenberg, 1983; Wittrup et al., 1994; Chen et al., 2012) . Thus, the true analysis of plasmid burden is confounded by many factors. Therefore, a careful dissection of each component in a plasmid, including origins of replication, selection markers, and promoters, would help elucidate the cause for the observed burden and provide insight to researchers by identifying the best plasmid (i.e. lowest burden with highest copy number) for their work.
In this study, we demonstrate that both replicationbased and metabolic-based plasmid burden can exist and fluctuate across the p4XX plasmid line (Mumberg et al., 1995) when used in S. cerevisiae. We find that this burden is most pronounced in a diploid strain rather than a haploid. We analyze the influence of each tunable plasmid parameter on cell growth as a metric of this burden. Moreover, we characterize the absolute plasmid copy number in both 2 micron and CEN6/ARSH4 plasmid to assess 'high-copy' and 'low-copy' plasmids, respectively. We use these data to characterize the contribution of the 'plasmid load', or the amount of additional DNA that must be maintained by the cell, to plasmid burden. We also analyze the use of both auxotrophic and a dominant antibiotic marker and the effect of promoter selection on both cell growth and copy number. Our intent is to provide an in-depth characterization of plasmid burden conferred by the various parameters to inform the use of these plasmids for metabolic engineering and genetic engineering applications.
Materials and methods

Strains and media
Saccharomyces cerevisiae strains BY4741 (MAT a; his3D1; leu2D0; met15D0; ura3D0), BY4741 trp1::KanMX from the Yeast Deletion Database (Giaever et al., 2002) , and BY4743 (MAT a/a his3D1/his3D1 leu2D0/leu2D0 LYS2/ lys2D0 met15D0/MET15 ura3D0/ura3D0) were used in this study (Table 1) . Yeast strains were routinely p41K-GPD p42K-GPD p41K-CYC p42K-CYC p41K-no promoter p42K-no promoter BY4741 trp1::KanMX (MAT a; his3D1; leu2D0; met15D0; ura3D0; trp1::KanMX) p413-GPD, p414-GPD, p415-GPD, p416-GPD p423-GPD, p424-GPD, p425-GPD, p426-GPD p413-CYC, p414-CYC, p415-CYC, p416-CYC p423-CYC, p424-CYC, p425-CYC, p426-CYC p413-TEF, p414-TEF, p415-TEF, p416-TEF p423-TEF, p424-TEF, p425-TEF, p426-TEF p413-ADH, p414-ADH, p415-ADH, p416-ADH p423-ADH, p424-ADH, p425-ADH, p426-ADH p413-no promoter, p414-no promoter, p415-no promoter, p416-no promoter p423-no promoter, p424-no promoter, p425-no promoter, p426-no promoter BY4743 (MAT a/a his3D1/his3D1 leu2D0/leu2D0 LYS2/lys2D0 met15D0/MET15 ura3D0/ura3D0) p41K-GPD, p413-GPD, p416-GPD p42K-GPD, p423-GPD, p426-GPD p41K-CYC, p413-CYC, p416-CYC p42K-CYC, p423-CYC, p426-CYC p41K-no promoter, p413-no promoter, p416-no promoter p42K-no promoter, p423-no promoter, p426- 
Plasmid construction
All plasmids used in this study were based on the p4XX-vectors described by Mumberg et al. (1995) which are originally derived from the pRS series (Sikorski & Hieter, 1989) . Figure 1 enumerates the different parameters studied in this work. Specifically, the plasmids contained either the GPD, TEF1, CYC1, ADH1 promoter or no promoter. The plasmids with no promoter were constructed by restriction digest of the plasmids p413-GPD, p423-GPD, p414-GPD, p424-GPD, p415-GPD, p425-GPD, p416-GPD, and p426-GPD with SacI and SpeI, which cut out the GPD promoter. End repair was then done on the cleaved vector using the End-It DNA End Repair kit (Epicentre, Madison, WI) followed by ligation of the resulting blunt ends. Each plasmid also contained a selection marker of either URA3, TRP1, HIS3, or LEU2 (for auxotrophic complementation)
or KanMX (for antibiotic resistance). The plasmids with the KanMX gene were created by cloning the gene and flanking regions from plasmid pUG6 (using primers GAAAGGCCTGATCTGTTTAGCTTGCCTCGTCC and AGT CCTGCAGGGTTTTCGCACTGGATGGCG). The plasmids p416-CYC, p426-CYC, p416-GPD, p426-GPD, p416-No Promoter, and p426-No Promoter were then digested with StuI and SbfI. This resulted in cutting out a portion of the URA3 marker, including the start codon. The KanMX PCR product was then cloned into this place. These have been labeled p4xK plasmids. Standard cloning and bacterial transformations were performed according to Sambrook and Russell (2001) . PCRs used Phusion High-Fidelity DNA Polymerase from New England Biolabs (Ipswich, MA) and followed the supplier instructions; primers were purchased from Integrated DNA Technologies (Coralville, IA). Antarctic phosphatase and all restriction enzymes were purchased from New England Biolabs. Fermentas T4 DNA ligase and all other enzymes and chemicals were purchased through Thermo Fisher Scientific (Waltham, MA). Vectors were isolated using the Zyppy Plasmid Miniprep kit from Zymo Research Corp. (Irvine, CA), and DNA purification was performed using a Qiaquick PCR Cleanup kit (Qiagen, Valencia, CA). Plasmids were transformed using the EZ Yeast Transformation II Kit from Zymo Research Corp. according to manufacturer's instructions.
Growth experiments
Growth rates of the transformed yeast strains were measured with a Bioscreen C (Growth Curves USA,
Parameter
Choice of parameter
Origin of Replication CEN6/ARSH4 (low copy; p41x) (high copy; p42x)
Promoter
No Promoter P GPD P TEFI P ADH1 P CYC1 Fig. 1 . Description of strains and plasmids used in this study. The left-hand column contains the different tunable parameters used, and the right-hand column contains all variations of each parameter. All strains in this study were made by selecting one parameter from each row (i.e. BY4741-p413-GPD). In total, 64 different plasmid-strain pairings were considered in this study.
Havermill, MA) in biological triplicates using the wide-band filter (420-580 nm) recommended for optical density measurements. A 1-lL inoculum of fully grown culture was added to each well with 250 lL of the appropriate CSM. The assay was run for 24 h at 30°C under continuous shaking with sampling every 10 min. Exponential growth rates were calculated using a solution algorithm written in MATLAB (Mathworks, Natick, MA).
Plasmid copy number assay
Plasmid copy numbers were quantified using quantitative PCR (qPCR) from the total DNA extracts. Cultures were inoculated at OD 600 of 0.25 from fully grown precultures and then were grown for 4 h to be at mid-log phase for extraction. Total DNA extraction was performed as described previously (Moriya et al., 2006) . Lyticase from Arthrobacter luteus was purchased from Sigma Aldrich (St. Louis, MO).
Quantitative PCR was performed on a ViiA7 qPCR system (Life Technologies, Carlsbad, CA) using SYBR Green Master Mix from Roche (Penzberg, Germany), following the manufacturer's instructions with an annealing temperature of 58°C and 0.75 lL of total DNA extract per 10-lL reaction volume.
A section of the ampicillin gene on each plasmid was targeted (with primers TGTAACTCGCCTTGATCGTTGGGA and TTGTTGCCATTGCTACAGGCATCG) and compared to a genomic target in the ALG9 gene (with primers ATCGTGAAATTGCAGGCAGCTTGG and CATGGCAA CGGCAGAAGGCAATAA) to quantify copy number. Standard curves were created using plasmid p416-CYC-ALG9. ALG9 was cloned into plasmid p416-CYC by PCR with primers GGCGCTTCTAGAATGAATTGCAAGGCGGTAAC and CCATCGATTCAATTAGTAGTCTCAGTTGGTTTT TCA followed by digestion with XbaI and ClaI restriction enzymes and subsequent ligation. A serial dilution of this plasmid with concentration varying from 5 9 10 7 to 5 9 10 1 copies per lL was then used to create the standard curves.
Results
A total of 64 different plasmid-strain combinations ( Fig. 1) were cultured in complete synthetic media over a 24-h time frame to determine the growth rates and copy number. These combinations included differences in ploidy, selection marker (including both auxotrophic and dominant antibiotic markers), replication origin (including both CEN6/ARSH4 and 2 micron) and the presence/choice of a promoter on the plasmid. Growth rate differences are a metric of plasmid burden, while copy number quantifies the total plasmid load in the system.
Evaluating the growth-rate impact of auxotrophic marker-based plasmids in haploid and diploid yeast A total of 40 different plasmids, p413, p423, p414, p424, p415, p425, p416, and p426 with no promoter, GPD promoter, CYC1 promoter, TEF1 promoter, and ADH1 promoter, were transformed into the BY4741 trp1D haploid yeast strain (Fig. 1) . These plasmids contained different auxotrophic markers and were evaluated both with a 'low-copy' CEN6/ARSH4 origin and a 'high-copy' 2 micron origin. Exponential-phase growth rates were measured for each of the 40 BY4741 trp1D strains harboring a distinct plasmid. Figure 2a illustrates that in general, haploid yeast harboring an auxotrophic marker-based plasmid grew slower than their counterparts with no plasmid. However, it is also immediately evident that this growth reduction was not uniform as it ranged from as small as a 5% reduction to as much as a 25% reduction depending on the combination of auxotrophic marker, origin, and the promoter selected. Across the board, there appeared to be little effect by the choice of promoter on growth rate. Moreover, Fig. 2a also shows that high-copy 2 micron plasmids (p42x) generally conferred lower growth rates than CEN6-/ARSH4-based plasmids. However, this trend for 2 micron plasmids does not hold across all plasmids, as sometimes only a marginal change in growth rate was seen with altering the origin. One particular standout in this data set is plasmids containing the LEU2 selection marker (p4x5). Plasmids with a LEU2 marker had an average growth rate that was 76.6% of the control growth rate of 0.303 h À1 . Moreover, there was no substantial difference in growth rate between low-and high-copy versions of these plasmids. Twelve of these plasmids (p413, p423, p416, and p426 with no promoter, GPD promoter, and CYC1 promoter) were transformed into the diploid strain BY4743. A more limited set was used due to available auxotrophic markers in this strain, which excluded the capacity to study the leucine auxotrophic marker set. In general, the diploid strain showed a similar trend, as the haploid with the high-copy 2 micron plasmids growing slower than the low-copy CEN6-/ARSH4-based plasmids (Fig. 2b) . However, the effect of the low-copy plasmids on growth rate in the diploid strain was quite muted with an average of only 3.9%. Collectively, these two sets of data suggest a plasmid replication burden for auxotrophic marker-based plasmids given the reduction in growth rate with highcopy plasmids.
Evaluating the growth-rate impact of a dominant antibiotic marker-based plasmids in haploid and diploid yeast In addition to the auxotrophic plasmids described previously, six plasmids containing the KanMX antibiotic resistance marker (p41K and p42K with no promoter, GPD promoter, and CYC promoter) were transformed into both the haploid and diploid yeast strains, BY4741 and BY4743, respectively. In contrast to the results mentioned earlier, plasmids containing the KanMX antibiotic resistance marker did not have an appreciable decrease in growth rate compared with control strains not harboring these plasmids (Fig. 2c  and d) . In fact, for haploid strains, this difference was unobservable. Furthermore, there was no noticeable effect on growth by the different promoters. These results demonstrate a difference in the plasmid burden as measured by growth rate reduction associated with KanMX marker plasmids when compared with auxotrophic markers.
Quantifying copy numbers and plasmid load in haploid and diploid yeast
Quantifying the number of copies of plasmids maintained by these cells provides a metric of plasmid load that can be later compared with the demonstrated growth-rate burden. Therefore, plasmid copy numbers were determined using quantitative PCR for 24 different plasmids in the BY4741 trp1D strain (p413, p423, p414, p424, p415, p425, p416, and p426, with no promoter, GPD promoter, and CYC1 promoter), six different plasmids in the BY4741 strain (p41K and p42K with no promoter, GPD promoter, and CYC1 promoter), and 18 different plasmids in the BY4743 strain (p413, p423, p416, p426, p41K, and p42K with no promoter, GPD promoter, and CYC1 promoter; Fig. 3 ).
Unlike cell growth rate, plasmid copy number varied greatly across the plasmids-strain combinations tested. Specifically, copy number varied between 2 and 34 copies per cell in the haploid strain and between 4 and 58 copies per cell in the diploid strain. In the BY4741 haploid strain, the low-copy CEN6/ARSH4 plasmids ranged from 2 to 5 copies per cell and the high-copy 2 micron plasmids with auxotrophic markers had a wide range of 14-34 copies per cell (Fig. 3a) . Interestingly, the LEU2-containing 2 micron plasmids had noticeably lower copy numbers than the other 2 micron plasmids with auxotrophic markers. This result echoes the larger growth-rate burden exhibited by this auxotrophic marker-based plasmid. Surprisingly, the 2 micron plasmids containing the KanMX antibiotic resistance marker showed no significant difference in copy number from their low-copy centromeric plasmid counterparts. This phenomenon is unique to the KanMX plasmids as every auxotrophic marker plasmids tested (even the LEU2-containing plasmids) showed dramatic differences in copy number between the two types of origins of replication.
The diploid strain (BY4743) showed similar trends. In this strain, the low-copy CEN6/ARSH4 plasmids ranged from 4 to 8 copies per cell, and the high-copy 2 micron plasmids with auxotrophic markers ranged from 28 to 58 copies per cell (Fig. 3b) . The 2 micron KanMX antibiotic resistance plasmids ranged from 8 to 14 copies and did not show substantial increases over their CEN6/ ARSH4 counterparts. In general, the diploid strain yielded copy numbers that were roughly double than that of the haploid strain for each plasmid.
In addition to large copy number ranges, a distinguishing feature of this data is the impact of promoter on some of the constructs. In particular, the choice of promoter resulted in some differences in copy number, primarily for the 2 micron plasmids. The plasmid copy number decreases as the promoter strength increases (with no promoter being weakest and GPD being the strongest), as demonstrated by the p424 and p426 plasmids. However, this trend does not always hold, as in the case of the p423 plasmids. Moreover, the p425 and p42K plasmids did not show an appreciable difference in copy number between the different promoters. Nevertheless, there is clearly a complex interaction between copy number, marker, and promoter. Correlating growth-based plasmid burden and plasmid load A common assumption is that the 'plasmid burden' demonstrated by a reduced growth rate in cells containing plasmids is a direct result of the replication and maintenance of the additional plasmid DNA in the cell. If this is the case, larger plasmids and plasmids with high copy numbers should impart a lower growth rate than small plasmids or low-copy plasmids. As such, Fig. 4 compares the effect of additional DNA base pairs per cell (determined by multiplying plasmid size by copy number) to the relative growth rates for both the diploid and haploid strains. In both cases, there appears to be a slight downward trend as more DNA base pairs are maintained per cell, but the trend is more significant in the diploid strains than the haploid strains. For the haploid strain, the same quantity of exogenous DNA yielded growth rate differences that range between essentially 0% and 25% reduction. For the diploids, the range in growth rate at a given plasmid load was less variable. Furthermore, the diploid strains have an even greater correlation (R 2 = 0.8818) when the KanMX plasmids, which had no obvious affect on growth rate, were excluded. The same was not true for the haploid strains (R 2 = 0.1287). These data indicate that plasmid burden due to extra DNA replication and maintenance is a concern in diploid strains, but not in haploid strains.
A further dissection of the data indicates varying impacts by the absolute number of plasmids in each cell on the percent growth reduction in haploid and diploid strains (Fig. 5) . In the haploid strain (Fig. 5a ), low-copy plasmids corresponded with larger reductions in growth per copy across the board than high-copy plasmids. In contrast, for diploid strains (Fig. 5b) , the decrease in growth rate is consistent across all of the auxotrophic plasmids for all origins, further demonstrating that there is a penalty for each extra plasmid the cell has to maintain.
Discussion
When constructing and selecting plasmids for use in S. cerevisiae, there are several parameters that can influence plasmid burden and plasmid load. In this study, Relative growth rates compared to the approximate number of additional base pairs produced per cell in haploid (BY4741) and diploid (BY4743) strains. The additional base pairs were calculated by multiplying the copy number of the plasmid by size of that plasmid. All growth rates were normalized to the control strain with noplasmid. In general, a decreasing trend in growth rate is seen with added DNA load, however, this trend is most apparent with diploid yeast and more diffuse with haploid yeast. we quantified the contribution of selection marker, promoter, origin of replication, and strain ploidy to conferred growth rate and plasmid copy number. In particular, we find the most significant impact of plasmid load in a diploid strain.
Selection marker plays a significant role in determining plasmid burden
The choice of selection marker is often considered a matter of convenience; however, in reality, the marker gene can dramatically change the relative growth rate of the strain. Of the auxotrophic markers (HIS3, TRP1, LEU2, and URA3), LEU2 demonstrated the largest decrease in growth rate compared with a cell with no plasmid (Fig. 2a and b ) and the lowest copy numbers (Fig. 3) . The other auxotrophic markers provide similar growth rates and copy numbers across different strains. Previous work has also shown that the LEU2-containing plasmids do not reach the same final cell density (C ßakar et al., 1999) . These results demonstrate that researchers must consider the relative importance of the plasmid burden and copy number for a particular application prior to choosing a selection marker. Furthermore, the misconception that the copy number of a plasmid is determined primarily by the origin of replication is proved incorrect by Fig. 3 , showing that the choice of the KanMX marker can completely negate and mask the effects of different origins of replication. Interestingly, while inclusion of the KanMX marker severely affected to plasmid copy number, the same strains showed no decrease in growth rate relative to the control ( Fig. 2c and d) . Previous work has demonstrated that changing the expression of the selection marker through either attenuation of the promoter or protein half-life can influence copy number (Erhart & Hollenberg, 1983; Chen et al., 2012) . It will be necessary to employ similar techniques with the KanMX marker to see improved copy numbers, especially on the 2 micron version of the plasmid. The difference between haploid and diploid yeast demonstrates an important attribute of plasmid burden that should also be considered by researchers. Collectively, these results highlight the importance of selection marker on a plasmid. To reduce the impact on growth rate without compromising copy number, selection markers should be chosen in the order of HIS $ TRP > URA > LEU > KanMX.
Promoter choice affects plasmid load
Another plasmid-specific factor analyzed was the type of promoter present upstream of the multicloning site. While the choice of promoter did not appear to affect growth rate in this case, it does seem to determine the copy number of the plasmid (and thus the load per plasmid copy, Fig. 5 ). For some of the auxotrophic markerbased plasmids, as promoter strength increases the copy number decreases (Fig. 3) . This observation is best noted in the high-copy 2 micron plasmids. This phenomenon is promoter-specific and may become more detrimental if multiple instances of the promoter are used in the strain, as previous work has suggested that many copies of some glycolytic promoters can decrease cell growth through attenuation in the availability of necessary transcription factors (G€ orgens et al., 2001) . This similar phenomenon was also seen in a recent scheme for titreing promoter strength through transcription factor sequestration (Lee & Maheshri, 2012) . As promoter selection affects copy number, the choice of promoter should be closely correlated with the desired net expression output and other plasmid factors. In some cases, coupling different auxotrophic markers with lower strength promoters would be more beneficial than pairings with high-strength promoters. To decrease the effect of the promoter on the plasmid copy number, a lower strength promoter should be selected if possible; in this study, the plasmid copy number was minimized in the strains with the no promoter plasmid, followed by the CYC1 promoter and the GPD promoter.
Final considerations for designing plasmid systems
Growth rates in general appear to be lower for cells containing plasmids (Fig. 2) . Moreover, there is correlation between growth rate and the additional base pairs produced per cell, particularly for the diploid strain (Fig. 4) . This suggests that there is a limit to the rate at which additional DNA can be produced before the growth rate is affected. However, the correlation is not particularly strong, especially at lower copy numbers and in haploid yeast. Furthermore, the trend does not hold for plasmids that show significant effects to growth rate and copy number due to the marker gene. For example, the 2 micron LEU2-containing plasmids resulted in some of the lowest relative growth rates while also having a lower plasmid copy number than similar auxotrophic 2 micron plasmids. Furthermore, while the relative growth rates of the haploid and diploid strains showed minor differences ( Fig. 2a and b) , the copy numbers of the plasmids in the diploid strain were double than that of the haploid strain ( Fig. 3a and b) . This is congruent with previous studies that show plasmid copy number being proportional to ploidy (Futcher et al., 1988) and that show copy numbers at similar values (Spalding & Tuite, 1989) . Nevertheless, the extreme nucleotide load permitted within a cell without considerable decrease in growth rate is encouraging for large-scale metabolic engineering efforts. These results demonstrate that the addition of large DNA chunks (upward of a few percent of the genome in size) have only minor effects on the growth rate (only 20% reduction). This is also encouraging for synthetic biology approaches to introduce new or expanded chromosomes. Beyond the difference between haploid and diploid yeast, it can be expected that different strains of yeast may also have differential responses to both plasmids and auxotrophic markers that should be evaluated. Based on the fact that the plasmid selection marker has such a large effect on growth rate and copy number, it can be expected that additional metabolic genes on the plasmid are also likely to result in a change in growth rate and copy number. In some cases, it has been observed that centromeric plasmids can result in higher heterologous protein expression than 2 micron plasmids (Wittrup et al., 1994) . Researchers should therefore be cognizant of the effect of dosing when integrating additional genes into plasmid systems and expect changes in growth rate and plasmid gene expression as a result. Furthermore, these results demonstrate an interesting disconnect between plasmid borne systems and integrated cassettes.
In conclusion, the many permutations of 2 micron and centromeric plasmids available in S. cerevisiae are convenient but can also result in many complications for researches trying to transform and control expression of heterologous genes. The convenience of different selection makers, promoters, and origins of replication must be tempered with an understanding of the effect each choice makes on the plasmid's subsequent expression and contribution to cellular growth rate. The results of this study provide such a background so that researchers can begin to make informed decisions when designing plasmid systems for metabolic engineering applications.
